ABSTRACT Diffusion-based microfluidic devices can generate steady, arbitrarily shaped chemical gradients without requiring fluid flow and are ideal for studying chemotaxis of free-swimming cells such as bacteria. However, if microfluidic gradient generators are to be used to systematically study bacterial chemotaxis, it is critical to evaluate their performance with actual quantitative chemotaxis tests. We characterize and compare three diffusion-based gradient generators by confocal microscopy and numerical simulations, select an optimal design and apply it to chemotaxis experiments with Escherichia coli in both linear and nonlinear gradients. Comparison of the observed cell distribution along the gradients with predictions from an established mathematical model shows very good agreement, providing the first quantification of chemotaxis of free-swimming cells in steady nonlinear microfluidic gradients and opening the door to bacterial chemotaxis studies in gradients of arbitrary shape.
C hemotaxis, the ability of cells to control their motile behavior in response to chemical signals, plays a major role in many microbial processes, from biofilm formation 1 to disease pathogenesis, 2 contaminant bioremediation, 3 and nutrient cycling in the ocean. [4] [5] [6] [7] Considerable attention has been devoted to the fundamental mechanisms of chemotaxis in bacteria 8 and how the cellular response is governed by the spatiotemporal characteristics of chemical gradients. [9] [10] [11] [12] [13] The study of chemotaxis hinges strongly on the ability to expose cells to gradients that are quantifiable, controllable, and mimic those in natural environments.
A range of macroscopic approaches, including capillary assays 14 and stopped-flow diffusion chambers, 15 have revealed valuable information on bacterial chemotaxis. However, accurate control of gradients at cellular length scales is challenging in such macroscopic devices. In recent years a variety of microfluidic gradient generators have been proposed, leveraging the ability to accurately control fluid flow in the low Reynolds number regime to manipulate and quantify gradients with high accuracy at scales relevant to cells. Microfluidic gradient generators fall into two categories, flow-based and diffusion-based. The former can create steady gradients of arbitrary shape [16] [17] [18] [19] to study chemotaxis of surface-attached cells, like breast cancer 18 and leukemia cells. 20, 21 On the other hand, flow can be a strong confounding factor when studying free-swimming cells, because cells experience temporally varying gradients as they are transported by the flow 16, 19 and flow-induced shear stresses can affect motility. 22 In contrast, diffusion-based microdevices produce chemoeffector gradients without flow. Three approaches have been proposed, based on (i) stopping flow of two parallel streams, one containing chemoattractant, 23 (ii) maintaining a gradient in a quiescent fluid chamber by use of source and sink microchannels, 24 or (iii) maintaining a gradient across a hydrogel layer using source and sink microchannels. [25] [26] [27] [28] The first approach produces unsteady gradients that only last minutes and is most suitable to study chemotaxis toward ephemeral chemical patches. 7, 29, 30 The second approach exposes cells to steady two-dimensional gradients and has been tested only qualitatively. 24 We focus on the third approach, hydrogel-based gradient generators, the most promising to study bacterial chemotaxis because of the flexibility in creating arbitrarily shaped gradients without flow.
Hydrogel-based gradient generators rely on the use of two parallel "feeder" microchannels (the "source" and "sink" channels), between which, a third "test" channel containing the cells is laid out (Figure 1) . A constant flow rate is applied in the feeder channels, while there is no flow in the test channel. The source channel carries a solution of chemoeffector, while the sink channel typically carries buffer. The chemoeffector diffuses across the hydrogel from the source to the sink. This creates a steady concentration profile in the hydrogel, because the feeder channels provide constantconcentration boundary conditions. The characteristic time to set up the gradient, T ∼ L 2 /(2D), is determined by the diffusion of the chemoeffector (of diffusivity D) across the distance L between the feeder channels. Because the test channel is in direct contact with the hydrogel, its concentra-tion profile reflects the concentration in the underlying hydrogel. This enables the generation of arbitrarily shaped gradients by appropriately configuring the planar layout of the test channel. 28 After the gradient is established in the hydrogel, cells are injected in the test channel. The gradient in the test channel is rapidly generated over a time scale T H ∼ H 2 /(2D), determined by the diffusion of the chemoeffector across the height H of the test channel. For small molecules (D ) 5 × 10 -10 m 2 s -1 ) diffusing across a 100 µm deep test channel, T H ) 10 s. A commonly used hydrogel is agarose (often at ∼3% w/v), which is highly transparent in thin (∼1-3 mm) layers, biocompatible, can be molded to form microchannels, and is quick and easy to assemble because of its thermal gelation properties. 27 The diffusivity of small molecules in agarose is the same as in water. 25 Several implementations of hydrogel-based microfluidic gradient generators have been proposed. Channels can be fabricated in the hydrogel 25, 26, 31 or in a PDMS layer attached to a hydrogel slab. 28 The latter system has been used to generate arbitrarily shaped gradients by fabricating test channels with the appropriate planar layout 28 and has been tested for surface-attached cells. 32 These devices are extremely promising to study bacterial chemotaxis, yet their performance as chemotaxis assays has rarely been assessed quantitatively in terms of the bacterial response (but see refs 31 and 39) and to date no bacterial chemotaxis studies have been performed in steady, nonlinear microfluidic gradients. We compared three hydrogel-based gradient generators, selected an optimal design, and applied it to quantify the chemotactic response of Escherichia coli to linear and nonlinear chemoattractant gradients. To determine the applicability of these microdevices as chemotaxis assays, we used a relevant metric for chemotactic performance, the quantitative cell distribution along a chemical gradient, and compared it with predictions from a mathematical model.
We studied three configurations of a hydrogel-based gradient generator, having a 1 mm thick agarose layer sandwiched between a glass slide and a PDMS layer ( Figure  1 ; Supporting Information, Methods). The microdevices used to generate steady linear gradients consisted of three parallel channels (Figure 1 ), each 600 µm wide. In design 1, all three channels were patterned in the PDMS layer ( Figure 2A ). In design 2, they were patterned in the agarose layer ( Figure  2B ). In design 3, the feeder channels were patterned in agarose and the test channel in PDMS ( Figure 2C ). Diffusion from the source (carrying a concentration C 0 ) to the sink (carrying a buffer solution) establishes a concentration gradient across the agarose. Common to all three designs, the flow-through configuration of the feeder channels eliminates the need for open-air reservoirs 28 and their periodic replenishment to maintain the gradient. When the feeder channels are far apart compared to the agarose thickness, the hydrogel domain is nearly one-dimensional and solution of the diffusion equation yields the linear concentration profile C(x) ) xC 0 /L ) xG E , where G E ) C 0 /L is the magnitude of the predicted one-dimensional gradient.
We used confocal laser scanning microscopy to measure C(x) (Figure 3A-C; Supporting Information, Methods). Buffer was flowed at 1 µL/min in the feeder channels with addition of 100 µM fluorescein to the source channel. We waited 30 min after initiation of the feeder flows to allow the concentration field in the agarose to be established (for L ) 1 mm this occurs over T ∼ L 2 /(2D) ) 17 min). Then, buffer was injected in the test channel to mimic injection of a cell suspension and measurements started within minutes. Concentration profiles C(x) recorded at channel mid-depth (Figure 3D-F, green dots) were highly linear. A linear leastsquares fit to C(x) within the test channel yielded the magnitude of the experimentally observed gradients, G O , and confirmed the linearity of the gradients (r 2 > 0.98 for all three designs). Importantly, we found that G O was considerably lower than G E ( Figure 3D -F, dashed blue line) and differed among the designs. The ratio of the magnitudes of the experimentally observed gradient and the predicted onedimensional gradient, Q O )G O /G E , was 0.43, 0.76, and 0.69 for designs 1, 2, and 3, respectively. Numerical simulations of the diffusion equation (Supporting Information, Methods) showed good agreement with measured profiles (Figure 3D-F, red line) . Linear leastsquares fitting of the simulated concentration profiles within the test channel yielded the magnitude of the numerically computed gradient, G S , and confirmed that gradients were highly linear (r 2 > 0.99 for all three designs). The ratio of the magnitudes of the numerically computed gradient and the predicted one-dimensional gradient, Q S )G S /G E , was 0.47, 0.83, and 0.70 for designs 1, 2, and 3, respectively, in close agreement with the observed ratios, Q O . These results imply a steeper decay profile in the regions flanking the test channel, since the magnitude of the gradient averaged over the entire distance from the source channel to the sink channel must still be equal to G E to satisfy conservation of flux. This was confirmed by numerical simulations of C(x) at the top of the agarose layer ( Figure 4) ; while C(x) is linear within the test channel, it is flanked by nonlinear regions where the magnitude of the gradient is greater than G E . This nonlinearity is more pronounced in design 1, consistent with the lower value of Q O and Q S .
These findings show that the magnitude of the chemoeffector gradient within the test channel will be less than G E (by up to 50%) and the geometry of the system must be accounted for in determining the actual gradient magnitude. This effect of geometry was not realized in previous studies based on wide-field fluorescence microscopy measurements. 25, 26 The latter, however, is inappropriate for accurate characterization of the test-channel gradients because the out-of-plane fluorescence from the agarose layer, which is considerably thicker than the test channel, can override that of the test channel. This points to the importance of accurately quantifying the gradient through cross-sectional imaging and mathematical modeling.
This analysis leads us to select design 3 as the best choice for bacterial chemotaxis applications for two reasons. First, design 3 establishes a gradient whose magnitude is closer to G E compared to design 1. Second, design 3 enables the fabrication of more complex designs for the test channel compared to design 2, because patterning occurs in the PDMS as opposed to the agarose. Fabrication of deeper channels (∼500 µm) was also found to be easier in PDMS than agarose, which tends to get torn when peeled off from the silicon master if thick. The chemotaxis experiments that follow will thus be based on the configuration in design 3.
We first performed chemotaxis experiments in linear concentration profiles, by exposing the bacteria Escherichia coli AW405 to gradients of R-methylaspartate, a nonmetabolizable analog of aspartate. 33 Gradients were created by flowing 0.1 or 1.0 mM R-methylaspartate in the source channel and buffer in the sink channel. After a time sufficient to reach a steady concentration field in the agarose (∼17 min), a bacterial suspension was manually injected in the test channel by gentle pressure. Then, the inlet and outlet of the test channel were sealed, using drops of heated, liquid agarose or small PDMS blocks, to prevent residual flow in the channel and evaporation. Bacteria were filmed at channel mid-depth, using a computer-controlled inverted microscope equipped with a CCD camera. From movies we obtained both long-time-exposure images of the bacterial distribution and positions of individual bacteria. The latter were binned to yield the cell concentration profile along the gradient (Methods).
Flagellar rotation enables E. coli to swim and switching between clockwise and anticlockwise rotation results in tumbling (directional change) and smooth swimming, respectively. An increasing attractant concentration causes a suppression of tumbling 34 depending on the temporal change of attractant experienced by a swimming cell. The result is a net migration toward higher attractant concentrations.
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In linear gradients, cells indeed accumulated near the edge of the test channel closest to the source channel ( Figure 5A ), resulting in a strongly skewed steady-state bacterial distribution ( Figure 5B, bars) .
To test the performance of the gradient generator in a chemotaxis assay, we compared the observed bacterial distribution with that predicted from a mathematical model (Supporting Information, Methods). The model computes the concentration field in the test channel, C, by solving the diffusion equation, and the distribution of cells, B, by solving the bacterial transport equation 11, 12, 35 where t is time, s is the longitudinal coordinate along the microchannel (Figure 1) , and µ is the random motility coefficient, measuring the diffusivity of a population of bacteria resulting from their random walk behavior. 13 The chemotactic velocity, V C , represents the net drift velocity toward higher chemoattractant concentrations, K D is the receptor/ligand dissociation constant () 0.125 mM 36 ), V is the two-dimensional swimming speed, and 0 is the chemotactic sensitivity coefficient, measuring the strength of attraction of the cells to a given chemical. The bacterial transport equation has previously been used as a model to fit data from population-scale measurements to quantify the intensity of random motility and chemotaxis. 15, 37 For the linear gradient generator (Figure 1C) , the direction of the gradient s corresponds to x and the chemoattractant concentration profile C(x) is shown in Figure 1D . The observed bacterial distribution was strongly skewed toward higher chemoattractant concentrations ( Figure 5B ). Nonlinear -square fitting and uncertainty analysis of the random motility and chemotaxis parameters, µ and 0 , with the observed bacterial distribution (Supporting Information) yielded µ ) (5.9 ( 0.7) × 10 -6 cm 2 s -1 and 0 ) (5.0 ( 0.7) × 10 -4 cm 2 s -1 (the error bounds represent 95% confidence intervals). The best-fit values provide an accurate description of the observed bacterial distribution ( Figure 5B, solid ; 0 ) (2.4-12.4) × 10 -4 cm 2 s -1 ), particularly in view of the sensitivity of motiliy and chemotaxis to small changes in growth and experimental conditions. 10, 15, 38, 39 Fabrication of test channels with appropriate planar layouts enables the generation of steady, arbitrarily shaped gradients. 28 We investigated the response of E. coli to two types of nonlinear concentration profiles, an exponential profile connecting two constant-concentration regions (Figure 1E ) and a peak in concentration ( Figure 1G) . In both cases, the distance L between the feeder channels was 3 mm, resulting in a gradient setup time of T ) 2.5 h. Although this design necessarily yields a finite gradient in the transverse direction across the channel, the gradient experienced by swimming cells is primarily in the longitudinal direction, parallel to the channel walls, because of the relatively narrow channel width (400 µm). The concentration gradient seen by the cells is therefore well approximated by dC/ds ( Figure  1E,G) . If the shape of the microchannel's centerline is y(x), the concentration profile and its gradient along the channel are 28 
, where y x ) dy/dx. The distribution of E. coli cells was recorded 1 h after injection in the test channel, by rapidly translating the microscope stage along the channel and acquiring a movie at each of 15 (exponential profile) and 25 (peaked profile) positions.
In the exponential profile, bacteria migrated from the lower to the higher chemoattractant concentration, creating a peak in cell concentration followed by a depleted region ( Figure 6A,B) . The peak was positioned at the beginning of the constant, high-chemoattractant-concentration region. This distribution was compared with that predicted from the mathematical model (eqs 1 and 2) with good agreement in the location and magnitude of the peak and depleted regions ( Figure 6B, solid line) . The best fit, computed by nonlinear -square fitting (Supporting Information), was obtained for µ ) (7.0 ( 0.5) × 10 -6 cm 2 s -1 and 0 ) (4.5 ( 0.2) × 10 -4 cm 2 s -1 , consistent with the values obtained for the linear concentration profile at the 95% confidence level and with the literature ranges cited above. Observations of bacterial chemotaxis in exponential gradients are not new and have been performed before using macroscopic devices, 9, 15 where gradients were created by capillary assays, 40 step addition, 9 or stopped flow. 15 However, in those approaches gradients were unsteady and concentration fields difficult to control and quantify. 15, 37 Here we were able to observe the response of bacteria to a steady exponential chemoattractant gradient and successfully compared it with theoretical predictions. 
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In the peaked profile, bacteria swam into the higher concentration region from both sides, resulting in strong accumulation ( Figure 6C,D) . The best fit was again obtained by nonlinear -square fitting, yielding µ ) (7.0 ( 0.4) × 10 -6 cm 2 s -1 and 0 ) (4.1 ( 0.2) × 10 -4 cm 2 s -1 ( Figure 6D , solid line), consistent with results reported above. Chemotaxis in peaked concentration profiles applies, for example, to foraging of aquatic microbes, because nutrients in aquatic environments are often released from point sources 5 and result in Gaussian-type patches. Chemotaxis toward such patches has been studied with microdevices, 7, 29, 30 limited to transient patches. In contrast, here we observed the response of bacteria to a steady patch, a useful model in the limit of slow patch diffusion (e.g., high molecular weight compounds) or fast motility.
By creating steady concentration profiles, we could study the chemotactic response dynamics without the chemoeffector gradient changing over time. The decoupling of the temporal scales of the evolution of the chemical signal and the bacterial response is a highly desirable feature for chemotaxis studies, allowing for a simpler test of the gradient sensitivity and increased reliability in the quantification of random-motility and chemotaxis parameters. Another application of steady gradients has been made in identifying the logarithmic sensing mechanism of E. coli. 31 Here we have studied chemotaxis in arbitrarily shaped one-dimensional gradients, and the proposed microdevices can easily be modified to achieve alternative steady configurations, including two-dimensional or competing gradients. 39 We therefore expect that this class of microdevices will find a broad range of applications.
In addition to steadiness, an important feature of the proposed gradient generators is the rapid establishment of the gradient within the test channel once the gradient in the agarose layer is formed. In other diffusion-based designs, 24, 41 cells experience an ever-changing concentration field while the gradient develops in the test channel. In our device and related designs 25, 28 there is a significant separation of time scales between gradient generation in the agarose layer (∼L 2 /2D) and in the test channel (∼H 2 /2D). Whereas the former must be established by horizontal diffusion across a few millimeters (L) over one to several hours, the latter only requires vertical diffusion over ∼100 µm (H) and thus forms in a few seconds. On the other hand, the time required to generate the gradient in the agarose can be a drawback in some applications. Flow-based microdevices can generate gradients more rapidly, 18, 20, 21 but they expose cells to shear stresses. A recent method succeeded in eliminating shear from a flow-based device 42 by translating the gradient to a static chamber through a porous layer and can possibly be adapted to create arbitrarily shaped nonlinear gradients.
In summary, we compared the observed distribution of E. coli with model predictions for both linear and nonlinear gradients and obtained very good agreement with published literature values. These results demonstrate the applicability of hydrogel-based microfluidic gradient generators to quantitative chemotaxis studies of free-swimming cells and their versatility in generating arbitrarily shaped gradients. While we have focused here on microbial behavior, these devices will be applicable to a broad range of problems, whenever rapid establishment of stable gradients in the absence of flow is desired. We hope that the simplicity of fabrication of the proposed design, along with its versatility to explore a wide range of chemical environments, will appeal to researchers in many fields and contribute to improve our understanding of microbial and cellular processes.
